Abstract: This study evaluated the performance of a hybrid panel in an improved moveable weir after exposure to accelerated environmental climate conditions. When exposed to a river environment, corrosion problems on improved moveable weir steel panels can occur. To address this, a hybrid panel with structure layering glass fiber-reinforced polymer (GFRP) panels on both sides of the steel panel was used. The steel was, therefore, not exposed to the outside. However, this hybrid panel is a structure that uses a mixture of two materials with different properties and there is the possibility of performance degradation when the GFRP composite material, i.e., the structure that wraps around the bond interface, and the steel panel are exposed to a river environment. Thus, we evaluated the durability of the hybrid panels by repeated exposure to long-term high temperatures, dry-wet environmental cycling, long-term freezing, and freeze-thaw cycling in an accelerated climate deterioration environment. In the flexural tests, the surface processing of the steel panel was shown to be important, with sand-blasted test specimens showing higher flexural strength. For the control specimens, the flexural strength decreased as the thickness of the GFRP panels increased. However, for the sand-blasted specimens, the flexural strength increased as the thickness of the GFRP panels increased. After exposure to accelerated climate deterioration, the flexural strength tests showed that the residual strength increased with panel thickness and that the residual strengths were greater for specimens incorporating sand-blasted steel panels. The results of our testing show that hybrid panels incorporating sand-blasted steel were adequate for use in improved moveable weirs.
Introduction
A weir installed across a river must contain the river and secure water resources under normal circumstances, enabling sufficient water to pass over the cross-sectional area in times of flooding [1] [2] [3] [4] . A fixed weir often causes overflow in the upper stream in times of flooding, which causes problems such as degraded river water flux due to soil accumulation. As a result, many existing concrete fixed weirs are no longer functional and are being demolished. The current trend is to re-install moveable weirs [1, [5] [6] [7] .
Representative forms of moveable weir installation technology include rubber weirs, hydraulic flip gates, open/close-type water gates, and hinge-type automatic water gates [1, [8] [9] [10] [11] . A moveable weir is valuable not only for the purpose of using and controlling a river, but also in other areas of water In a previous study, a hybrid panel with glass fiber-reinforced polymer (GFRP) panel layers on both sides of the steel panel was developed to replace the solely steel panel, thereby avoiding corrosion concerns [1, 7] . In addition, the surface shape of the steel panel was changed to accommodate the characteristics of the GFRP panel [7] . The surface deformation of the steel improved the bond properties between the steel and the GFRP panels [1, 7] . In addition, hybrid panels with outer GFRP layers or panels prevent the exposure of the steel to the ambient environment [1] . However, GFRP composite materials may exhibit performance degradation when exposed to various environments [1, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Especially in the case of a hybrid panel made by attaching steel and GFRP panels, there is the possibility of fracturing at the bond surface [1, [24] [25] [26] [27] . Previous studies have evaluated the performance of hybrid panels when exposed to chemically harsh environments, such as those containing high levels of sulfate and sea water [1] . However, these conditions are rarely encountered by the hybrid panels since they are most commonly used in rivers. Therefore, it is necessary to evaluate the performance of hybrid panels under relevant exposure conditions. Such conditions include exposure to winter and long-term freezing, repeated freeze-thaw cycles, summer heat and repeated dry-wet cycles, and long-term exposure to high temperatures. With repeated drywet cycles and long-term exposure to high temperatures, there is a high possibility of fracture at the bond interface because of the thermal expansion coefficient differences between the GFRP material Representative forms of moveable weir installation technology include rubber weirs, hydraulic flip gates, open/close-type water gates, and hinge-type automatic water gates [1, [8] [9] [10] [11] . A moveable weir is valuable not only for the purpose of using and controlling a river, but also in other areas of water resource management [1, 3, 5, 10] . A rubber weir is an air supply/discharge-type pneumatic moveable weir, but, while it is environmentally friendly with no sources of river contamination, it is weaker than steel gates [1, 3, [5] [6] [7] 10] . Hydraulic steel flip gates have sufficient durability but the problem of possible river contamination from the hydraulic operating oil [1, 3, [5] [6] [7] 10] .
Improved moveable weirs boast the advantages of rubber weirs and flipping gates and have been in use since the 1980s [1, 2, [5] [6] [7] [11] [12] [13] . Figure 1 shows an improved moveable weir [1, 7] . It uses steel panels for all parts except the air bag, so there is concern regarding corrosion in a river environment as well as various other problems such as decreased durability with long-term use and possible river ecosystem damage due to the leakage of corrosive materials [1, [5] [6] [7] . . Figure 2 shows the corrosion of the steel panels [1, 7] . In a previous study, a hybrid panel with glass fiber-reinforced polymer (GFRP) panel layers on both sides of the steel panel was developed to replace the solely steel panel, thereby avoiding corrosion concerns [1, 7] . In addition, the surface shape of the steel panel was changed to accommodate the characteristics of the GFRP panel [7] . The surface deformation of the steel improved the bond properties between the steel and the GFRP panels [1, 7] . In addition, hybrid panels with outer GFRP layers or panels prevent the exposure of the steel to the ambient environment [1] . However, GFRP composite materials may exhibit performance degradation when exposed to various environments [1, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Especially in the case of a hybrid panel made by attaching steel and GFRP panels, there is the possibility of fracturing at the bond surface [1, [24] [25] [26] [27] . Previous studies have evaluated the performance of hybrid panels when exposed to chemically harsh environments, such as those containing high levels of sulfate and sea water [1] . However, these conditions are rarely encountered by the hybrid panels since they are most commonly used in rivers. Therefore, it is necessary to evaluate the performance of hybrid panels under relevant exposure conditions. Such conditions include exposure to winter and long-term freezing, repeated freeze-thaw cycles, summer heat and repeated dry-wet cycles, and long-term exposure to high temperatures. With repeated drywet cycles and long-term exposure to high temperatures, there is a high possibility of fracture at the bond interface because of the thermal expansion coefficient differences between the GFRP material In a previous study, a hybrid panel with glass fiber-reinforced polymer (GFRP) panel layers on both sides of the steel panel was developed to replace the solely steel panel, thereby avoiding corrosion concerns [1, 7] . In addition, the surface shape of the steel panel was changed to accommodate the characteristics of the GFRP panel [7] . The surface deformation of the steel improved the bond properties between the steel and the GFRP panels [1, 7] . In addition, hybrid panels with outer GFRP layers or panels prevent the exposure of the steel to the ambient environment [1] . However, GFRP composite materials may exhibit performance degradation when exposed to various environments [1, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Especially in the case of a hybrid panel made by attaching steel and GFRP panels, there is the possibility of fracturing at the bond surface [1, [24] [25] [26] [27] . Previous studies have evaluated the performance of hybrid panels when exposed to chemically harsh environments, such as those containing high levels of sulfate and sea water [1] . However, these conditions are rarely encountered by the hybrid panels since they are most commonly used in rivers. Therefore, it is necessary to evaluate the performance of hybrid panels under relevant exposure conditions. Such conditions include exposure to winter and long-term freezing, repeated freeze-thaw cycles, summer heat and repeated dry-wet cycles, and long-term exposure to high temperatures. With repeated dry-wet cycles and long-term exposure to high temperatures, there is a high possibility of fracture at the bond interface because of the thermal expansion coefficient differences between the GFRP material and the steel panel. Furthermore, as moisture penetrates through the weir environment, there is the possibility of fracture via the corrosion of the steel panel. In the winter, with repeated freeze-thaw cycles and long-term freezing conditions, there is also a possibility of fracturing at the interface between the GFRP material and the steel panel with subsequent performance degradation of the GFRP composite.
Thus, this study provides a thorough performance evaluation that takes into account likely environmental conditions for the development of hybrid panels incorporating steel and GFRP material.
Materials and Manufacturing of Steel/GFRP Hybrid Panels

Materials
Steel panels and E-glass fibers were used to manufacture the hybrid panel; a vinyl ester resin was used to bond the two materials. Table 1 shows the characteristics of the components used in the hybrid steel/GFRP panels. The E-glass fiber and vinyl ester resin were mixed at a volume ratio of 4:6. The test specimens were manufactured with 3.2 mm steel panels and a total of 6 mm GFRP panels (3 mm each on the front and back sides of the steel panel). 
Surface Deformation of Steel Panels
The bond strength between the steel panel and the GFRP panels is an important factor in determining the bond characteristics and durability of a hybrid panel [1, 7] . Several methods have been used to increase the adhesive force by pre-processing the surface of the steel panel [1, 7] . A common strategy is the use of a high strength resin combined with mechanical deformation and/or adhesion-enhancing treatment of the steel surface [28] [29] [30] [31] [32] . Previous surface modifications have included scratching the steel surface, drilling holes through the steel layer, and the application of a silica sand coating [1] . The highest bond strength was obtained with the silica sand coating. Therefore, this study makes use of a similar coating to enhance the mechanical adhesion and a high-strength vinyl ester resin to enhance the chemical adhesion between the hybrid layers. Figure 3a shows specimens with no surface processing (control) and Figure 3b shows specimens in which the steel surface was sand-blasted with silica particles [1, 7] . 
Manufacturing of Steel/GFRP Hybrid Panels
When glass fiber is arranged in one direction, fractures may occur by splitting. Therefore, test specimens were made by layering glass fiber sheets with alternating fiber orientations. Vinyl ester resin was sprayed onto each sheet during the layering process [1, 7] . When the first glass fiber panel was complete, the steel plate was placed in the middle and the glass fiber sheets were layered on top 
When glass fiber is arranged in one direction, fractures may occur by splitting. Therefore, test specimens were made by layering glass fiber sheets with alternating fiber orientations. Vinyl ester resin was sprayed onto each sheet during the layering process [1, 7] . When the first glass fiber panel was complete, the steel plate was placed in the middle and the glass fiber sheets were layered on top to make a hybrid structured panel.
GFRP composites have been extensively studied as a means of increasing the interlaminar strength between fibers and composite resins. Studies using polycaprolactone nanofibers showed that fiber-reinforced polymer composites exhibited high resistance to dynamic loads such as impact and vibration. Evaluations of the dynamic behavior and delamination resistance of GFRP composites using nylon nanofibers showed improved damping ratios and enhanced inter-laminar shear strength, due to the binding of the nanofibers. [33] [34] [35] .
In this study, we did not attach the GFRP panel to the steel panel with adhesive. Instead, the hybrid panels were fabricated by repeating the layered design described above, in which the vinyl ester resin that was used to bond the glass fiber sheets also served as the interlaminar adhesive in the final hybrid panel.
Thickness of Steel/GFRP Hybrid Panels
The thickness of the GFRP panels was optimized for maximum flexural strength of the steel/GFRP hybrid panels. The performance of the hybrid panels was evaluated as a function of GFRP panel thickness, which varied from 6 to 12 mm. The steel panel thickness was fixed at 3.2 mm. Table 2 shows the test parameters used to evaluate the GFRP panel thickness. 
Accelerated Environmental Conditions and Test Methods
Repeated Wetting and Drying Cycles
Hybrid panels react sensitively to moisture conditions. In particular, along with environmental conditions involving continuous contact with moisture, the possibility of fracture in a hybrid panel surface increases when the panel is exposed to repeated wet and dry cycles. Therefore, the influence of the hybrid panel's exposure to an environment of repeated dry-wet cycles was evaluated. Each cycle consisted of drying in an oven at 60 • C for 24 h and then immersing in water at 60 • C for 24 h. The panels were tested for 25 cycles over 50 days. Exposure temperatures were based on the results of a previous study in which the durability of FRP composites was evaluated at various environmental temperatures to accelerate deterioration [36] [37] [38] . In the current study, the exposure temperature of 60 • C corresponds to an artificially harsh environment and serves to accelerate the deterioration processes that would occur naturally in a modified movable weir.
Long-Term Freezing
A hybrid panel may freeze in winter, making it more susceptible to fracture in response to an applied load. We therefore evaluated the mechanical characteristics of hybrid panels after freezing at −5 • C for 50 days.
Long-Term Oven Drying
Differential thermal expansion coefficients of composite materials, such as those used in hybrid panels, can result in fracture at high temperatures. There are likely to be multiple cases of long-term high temperature exposure during summer, therefore, accelerated deterioration under these conditions should be considered. The exposure temperature used herein was 60 • C, which is more severe than would be encountered in real environments and represent an accelerated condition. Thus, our hybrid panels were held at 60 • C in a thermo-hygrostat for 50 days and their mechanical characteristics were evaluated thereafter.
Repeated Freeze/Thaw Cycles
The possibility of fracture by repeated freezing and thawing cycles should also be considered. Moveable weirs, in particular, are subject to freezing and thawing cycles throughout winter. Tests were carried out in accordance with ASTM C 666 (American Society for Testing and Materials C 666, Standard Test Method for Resistance of Concrete to Rapid Freezing and Thawing, ASTM International, 2015, West Conshohocken, PA, USA) to evaluate the resistance of our hybrid panels to repeated freezing and thawing cycles. These tests involved 300 repeated cycles between −18 and +4 • C.
Flexural Test Methods
In this study, the performance of the hybrid panel of the improved moveable weir was evaluated. Improved moveable weirs is a structure receiving a water load. The load exposure condition is that of a structure subjected to a flexural load. Therefore, in this study, the flexural test was carried out considering the application conditions of the improved movable weir (Figure 4) . The flexural strength of our hybrid panels was evaluated in accordance with ASTM D7264 (American Society for Testing and Materials D 7264, Standard Test Method for Flexural Properties of Polymer Matrix Composite Materials, ASTM International, 2015, West Conshohocken, PA, USA). When a flexural load was applied to our hybrid panels the interface between the glass fiber and the resin and the adhesion interface between the GFRP panel and the steel panel were most affected. The ASTM D7264 was considered the most appropriate method for determining the mechanical limits of the glass fiber/resin and the GFRP/steel interfaces in our hybrid panels. The test specimens for these tests were prismatic in shape, with dimensions of 40 × 40 × 160 mm. The mechanical performance of the hybrid panels, in terms of residual strength after exposure to an accelerated deterioration environment, was also evaluated. The residual strength was calculated as shown in Equation (1).
Residual strength(%) = Flexural strength after accelerated environmental conditions Flexural strength of control conditions × 100(%) (1)
Previous studies have specified a residual strength of 65% to analyze durability. While not directly applicable to this study, previous research results have shown that GFRP composite materials composed of glass fiber should retain ≥65% of their initial strength after environmental exposure if they are to be used as concrete-reinforcing materials [1, 14, 15] . In the current study, flexural tests were performed on six specimens under each environmental condition.
Previous studies have specified a residual strength of 65% to analyze durability. While not directly applicable to this study, previous research results have shown that GFRP composite materials composed of glass fiber should retain ≥65% of their initial strength after environmental exposure if they are to be used as concrete-reinforcing materials [1, 14, 15] . In the current study, flexural tests were performed on six specimens under each environmental condition. 
Results
Test Results According to Surface Treatment Method
The flexural strength test results, as a function of surface processing, are shown in Figure 5 . The flexural strengths of the control and sand-blasted specimens were 308.80 MPa and 355.91 MPa, respectively. The flexural strength of the sand-blasted specimens was higher than that of the control, indicating a higher bonding capacity for the GFRP panels. Generally, the fractures between the steel panels and the FRP composites occur in one or more of the following ways: (a) FRP and adhesive interface failure, (b) FRP delamination, (c) FRP rupture, and (d) steel yielding. In this study, the GFRP panel was manufactured using the same resin that was used to bond the steel panel to the GFRP [28] [29] [30] [31] [32] . Therefore, the only variable in our system was the shape and surface pre-treatment of the steel panel. The surface of our steel panel was roughened by sandblasting to reduce the occurrence of failure modes (a) and (c) [28] . Roughening the surface of the steel panel prevented interfacial failure and resulted in enhanced bending strength, relative to that of the control steel panel without any surface treatment. 
Results
Test Results According to Surface Treatment Method
The flexural strength test results, as a function of surface processing, are shown in Figure 5 . The flexural strengths of the control and sand-blasted specimens were 308.80 MPa and 355.91 MPa, respectively. The flexural strength of the sand-blasted specimens was higher than that of the control, indicating a higher bonding capacity for the GFRP panels. Generally, the fractures between the steel panels and the FRP composites occur in one or more of the following ways: (a) FRP and adhesive interface failure, (b) FRP delamination, (c) FRP rupture, and (d) steel yielding. In this study, the GFRP panel was manufactured using the same resin that was used to bond the steel panel to the GFRP [28] [29] [30] [31] [32] . Therefore, the only variable in our system was the shape and surface pre-treatment of the steel panel. The surface of our steel panel was roughened by sandblasting to reduce the occurrence of failure modes (a) and (c) [28] . Roughening the surface of the steel panel prevented interfacial failure and resulted in enhanced bending strength, relative to that of the control steel panel without any surface treatment. Figure 6 shows fracture deformation in specimens following long-span flexural tests. The control specimens exhibited fracture with interfacial delamination between the steel and GFRP panels prior to the occurrence of splitting cracks in the GFRP panel at the loading point (Figure 6(a) ). In contrast, sand-blasted specimens (Figure 6(b) ) did not exhibit interfacial delamination at the steel and GFRP bond interface, showing instead splitting fractures via cracking at the loading point. These data indicate that the specimens incorporating sand-blasted steel showed better performance than those incorporating unmodified steel panels. the specimens incorporating sand-blasted steel showed better performance than those incorporating unmodified steel panels. (Figure 6(a) ). In contrast, sand-blasted specimens (Figure 6(b) ) did not exhibit interfacial delamination at the steel and GFRP bond interface, showing instead splitting fractures via cracking at the loading point. These data indicate that the specimens incorporating sand-blasted steel showed better performance than those incorporating unmodified steel panels. 
Test Results According to GFRP Panel Thickness
Flexural strength test results as a function of GFRP panel thickness are shown in Figure 7 . The control specimens showed flexural strengths of 341.33, 321.26, and 287.11 MPa, respectively, as the GFRP panel increased in thickness from 9.2 to 12.2 to 15.2 mm. The flexural strengths of the sandblasted specimens were 397.13, 470.21, and 491.11 MPa, respectively. 
Flexural strength test results as a function of GFRP panel thickness are shown in Figure 7 . The control specimens showed flexural strengths of 341. 33 In general, flexural strength increased with the thickness of the GFRP panel and the flexural strength of sand-blasted specimens was consistently higher than that of the control specimens. This shows that the sand-blasted specimens featured stronger adhesive forces than the control specimens. In addition, for sand-blasted specimens, the GFRP panel strength was greater than that of the steel panel, showing increased strength as a function of thickness. In contrast, the flexural strength of the control specimens decreased as a function of specimen thickness. This indicated that the control specimens were limited by weaker adhesive forces. As a result, the interfacial separation occurred before flexural failure.
Specimen fracturing after the flexural tests is shown in Figure 8 . The influence of GFRP panel thickness was not significant with the control specimens. The splitting fractures ultimately occurred at all interfaces regardless of GFRP panel thickness. With sand-blasted specimens, fracturing In general, flexural strength increased with the thickness of the GFRP panel and the flexural strength of sand-blasted specimens was consistently higher than that of the control specimens. This shows that the sand-blasted specimens featured stronger adhesive forces than the control specimens. In addition, for sand-blasted specimens, the GFRP panel strength was greater than that of the steel panel, showing increased strength as a function of thickness. In contrast, the flexural strength of the control specimens decreased as a function of specimen thickness. This indicated that the control specimens were limited by weaker adhesive forces. As a result, the interfacial separation occurred before flexural failure.
Specimen fracturing after the flexural tests is shown in Figure 8 . The influence of GFRP panel thickness was not significant with the control specimens. The splitting fractures ultimately occurred at all interfaces regardless of GFRP panel thickness. With sand-blasted specimens, fracturing occurred at the interface between the steel and GFRP panels. Relative to the control, there was a significantly decreased tendency for interfacial delamination. Thus, fracture by interfacial delamination could be minimized or prevented by adjusting the thickness of the GFRP panel. 
Test Results under Accelerated Environmental Conditions
The results of long-term freezing tests are shown in Figure 9 . The flexural strengths of the control specimens were 267.46, 265.25, and 240.80 MPa as the panel was thickness increased from 9.2 to 12.2 to 15.2 mm, respectively. The flexural strengths of the sand-blasted specimens were 355.57, 438.25, and 461.31 MPa, respectively. All of the evaluated specimens satisfied the residual strength goal of ≥65% (Figure 9(b) ). As panel thickness increased from 9.2 to 12.2 to 15.2 mm, the residual strengths of the control and sand-blasted specimens were 78.34%, 82.57%, and 86.58%, respectively, and 89.54%, 93.20%, and 93.93%. The sand-blasted specimens showed higher residual strengths. In addition, interfacial delamination was suppressed at the surface, indicative of higher bond strength. Moisture penetration into the bond interface between the steel and GFRP panels accelerated fracturing, due to the expansion of water as it freezes. The sand-blasted specimens exhibited higher bond strength with a smaller degree of interfacial delamination via moisture penetration and subsequent freezing and expansion. As a result, both the initial and residual flexural strengths were enhanced. In general, destruction of steel panels and FRP composites is due to delamination within the FRP composite, fiber delamination, the debonding of interfaces between steel panels and FRP composites, debonding between the steel panel and the adhesive, and the yielding of the steel panels [28] [29] [30] [31] [32] . In this study, the effects of steel panel surface modification and GFRP panel thickness on the overall strength of a hybrid panel were evaluated. The thickness of the steel panel was selected such that yielding of the steel panel would not cause failure. If the steel panel was too thin, it could fail before interfacial delamination occurred. In contrast, if the steel panel was too thick, it could lead to premature delamination at the GFRP/steel interface prior to the steel yielding [28] . Therefore, future studies should include an optimization of steel panel thickness. In addition, previous studies have shown that the arrangement of the fibers and matrix resin can have a significant effect on the mechanical properties and fracture behavior of FRP composites [28] [29] [30] [31] [32] .
Generally, the strength decreased as the size of the FRP composite increased. However, this generality depended on the arrangement of fibers in the composite and the results were not always consistent [38] [39] [40] [41] . This result was also obtained with FRP composite materials consisting of steel and GFRP panels. It is unlikely that size effects were significant in the current research, since fracturing tended to occur at the interface between the steel panel and the GFRP panel prior to destruction of the GFRP panel [38] [39] [40] [41] [42] . Further study considering the size effects in the adhesion failure of steel/GFRP hybrid panels is needed.
The results of long-term freezing tests are shown in Figure 9 . The flexural strengths of the control specimens were 267.46, 265.25, and 240.80 MPa as the panel was thickness increased from 9.2 to 12.2 to 15.2 mm, respectively. The flexural strengths of the sand-blasted specimens were 355.57, 438.25, and 461.31 MPa, respectively. All of the evaluated specimens satisfied the residual strength goal of ≥65% (Figure 9b ). As panel thickness increased from 9.2 to 12.2 to 15.2 mm, the residual strengths of the control and sand-blasted specimens were 78.34%, 82.57%, and 86.58%, respectively, and 89.54%, 93.20%, and 93.93%. The sand-blasted specimens showed higher residual strengths. In addition, interfacial delamination was suppressed at the surface, indicative of higher bond strength. Moisture penetration into the bond interface between the steel and GFRP panels accelerated fracturing, due to the expansion of water as it freezes. The sand-blasted specimens exhibited higher bond strength with a smaller degree of interfacial delamination via moisture penetration and subsequent freezing and expansion. As a result, both the initial and residual flexural strengths were enhanced.
The results of the repeated dry-wet environment exposure are shown in Figure 10 . As panel thickness increased from 9.2 to 12.2 to 15.2 mm, the control specimens showed flexural strengths of 279.35, 285.81, and 270.29 MPa, respectively. The sand-blasted specimens exhibited the significantly greater values of 316.69, 383.60, and 428.22 MPa, respectively. The flexural strength of the control specimens increased for panel thicknesses, up to 12.2 mm, but then decreased at 15.2 mm. This result shows that the flexural strength of the control specimens was limited by the bond strength between the steel and GFRP panels. After testing, fractures were evident at the bond interface before fracturing of the GFRP panel occurred. In contrast, the bond strength of the sand-blasted specimens was higher such that interfacial failure was determined primarily by the strength of the GFRP panel. In terms of residual strength, all of the panels satisfied the goal of this study (≥65%; Figure 10b ). As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the control specimens showed residual strengths of 81.84%, 88.96%, and 97.19%, respectively, while those of the sand-blasted specimens were 79.74%, 81.58%, and 87.19%. 
The results of long-term freezing tests are shown in Figure 9 . The flexural strengths of the control specimens were 267.46, 265.25, and 240.80 MPa as the panel was thickness increased from 9.2 to 12.2 to 15.2 mm, respectively. The flexural strengths of the sand-blasted specimens were 355.57, 438.25, and 461.31 MPa, respectively. All of the evaluated specimens satisfied the residual strength goal of ≥65% (Figure 9(b) ). As panel thickness increased from 9.2 to 12.2 to 15.2 mm, the residual strengths of the control and sand-blasted specimens were 78.34%, 82.57%, and 86.58%, respectively, and 89.54%, 93.20%, and 93.93%. The sand-blasted specimens showed higher residual strengths. In addition, interfacial delamination was suppressed at the surface, indicative of higher bond strength. Moisture penetration into the bond interface between the steel and GFRP panels accelerated fracturing, due to the expansion of water as it freezes. The sand-blasted specimens exhibited higher bond strength with a smaller degree of interfacial delamination via moisture penetration and subsequent freezing and expansion. As a result, both the initial and residual flexural strengths were enhanced.
(a) Control specimens The results of the repeated dry-wet environment exposure are shown in Figure 10 . As panel thickness increased from 9.2 to 12.2 to 15.2 mm, the control specimens showed flexural strengths of 279. 35, 285 .81, and 270.29 MPa, respectively. The sand-blasted specimens exhibited the significantly greater values of 316.69, 383.60, and 428.22 MPa, respectively. The flexural strength of the control specimens increased for panel thicknesses, up to 12.2 mm, but then decreased at 15.2 mm. This result shows that the flexural strength of the control specimens was limited by the bond strength between the steel and GFRP panels. After testing, fractures were evident at the bond interface before fracturing of the GFRP panel occurred. In contrast, the bond strength of the sand-blasted specimens was higher such that interfacial failure was determined primarily by the strength of the GFRP panel. In terms of residual strength, all of the panels satisfied the goal of this study (≥65%; Figure 10(b) ). As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the control specimens showed residual strengths of 81.84%, 88.96%, and 97.19%, respectively, while those of the sand-blasted specimens were 79.74%, 81.58%, and 87.19%. The results of the repeated freeze-thaw cycling are shown in Figure 11 . As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the control specimens showed flexural strengths of 279.30, 265.21, and 228.23 MPa, respectively, while those of sand-blasted specimens were 320.819, 394.24, and 415.18 MPa. Generally, repeated freeze-thaw cycles allow moisture to penetrate GFRP composite materials, resulting in fracture of fibers and resin by subsequent expansion during freezing. In a similar fashion, moisture penetration into the bond interface between the steel and GFRP panels may cause fractures in the bond interface. In such cases, the degree of fracture is determined by the strength of the bond interface. In this study, sand-blasted specimens exhibited higher bond strengths and a greater resistance to moisture penetration in repeated freeze-thaw cycles. As a result, the residual flexural strength remained high after testing. In terms of residual strength, all of our panels satisfied the goal of this study (≥ 65%; Figure 11b ). As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the control specimens exhibited residual strengths of 80.65%, 81.93%, and 82.06%, respectively, while those of sand-blasted specimens were 80.78%, 83.84%, and 84.54%. The results of the repeated freeze-thaw cycling are shown in Figure 11 . As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the control specimens showed flexural strengths of 279.30, 265.21, and 228.23 MPa, respectively, while those of sand-blasted specimens were 320.819, 394.24, and 415.18 MPa. Generally, repeated freeze-thaw cycles allow moisture to penetrate GFRP composite materials, resulting in fracture of fibers and resin by subsequent expansion during freezing. In a similar fashion, moisture penetration into the bond interface between the steel and determined by the strength of the bond interface. In this study, sand-blasted specimens exhibited higher bond strengths and a greater resistance to moisture penetration in repeated freeze-thaw cycles. As a result, the residual flexural strength remained high after testing. In terms of residual strength, all of our panels satisfied the goal of this study (≥ 65%; Figure 11(b) ). As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the control specimens exhibited residual strengths of 80.65%, 81.93%, and were 80.78%, 83.84%, and 84.54%. The results of long-term high-temperature environment exposure are shown in Figure 12 . As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the flexural strengths of the control specimens were 299.36, 284.78, and 251.29 MPa, respectively, while those of sand-blasted specimens were 370.21, 439.68, and 467.21 MPa. Fracturing of the GFRP composite materials by heat occurs due to differences in the thermal expansion coefficients of the different materials, especially the glass fiber and the polymer resin. At high temperatures, the glass transition temperature of the polymer resin becomes an important factor in determining the strength of the hybrid panel. In addition, the possibility of fracture between the steel and GFRP panels is also high. Flexural strength decreased as the thickness of the panel increased. The reason for this was the combined influence of differences in the thermal expansion coefficients of the steel and GFRP panel and the glass transition temperature of the polymer resin. The reason for decreasing flexural strength as a function of increasing panel thickness was the influence of the resin glass transition temperature on the mechanical integrity of the GFRP panel. In addition, unmodified steel control panels were significantly weaker than sand-blasted panels due to fracturing at the steel/GFRP interface and the greater interfacial bond strength of the sand-blasted specimens. Regarding the residual strength, all of the tested panels satisfied the goal of this study (≥ 65%; Figure 12b ). As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the control specimens showed residual strengths of 87.70%, 88.64%, and 90.35%, respectively, while those of sand-blasted specimens were 83.22%, 93.51%, and 95.13%. Thus, sand-blasted specimens exhibited higher residual strength because of their higher interfacial bond strengths. Interfacial delamination was also suppressed despite the significant differences in the thermal expansion coefficient. The results of long-term high-temperature environment exposure are shown in Figure 12 . As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the flexural strengths of the control specimens were 299.36, 284.78, and 251.29 MPa, respectively, while those of sand-blasted specimens were 370.21, 439.68, and 467.21 MPa. Fracturing of the GFRP composite materials by heat occurs due to differences in the thermal expansion coefficients of the different materials, especially the glass fiber and the polymer resin. At high temperatures, the glass transition temperature of the polymer resin becomes an important factor in determining the strength of the hybrid panel. In addition, the possibility of fracture between the steel and GFRP panels is also high. Flexural strength decreased as the thickness of the panel increased. The reason for this was the combined influence of differences in the thermal expansion coefficients of the steel and GFRP panel and the glass transition temperature of the polymer resin. The reason for decreasing flexural strength as a function of increasing panel thickness was the influence of the resin glass transition temperature on the mechanical integrity of the GFRP panel. In addition, unmodified steel control panels were significantly weaker than sand-blasted panels due to fracturing at the steel/GFRP interface and the greater interfacial bond strength of the sand-blasted specimens. Regarding the residual strength, all of the tested panels satisfied the goal of this study (≥ 65%; Figure 12(b) ). As the thickness of the hybrid panel increased from 9.2 to 12.2 to 15.2 mm, the control specimens showed residual strengths of 87.70%, 88.64%, and 90.35%, respectively, while those of sand-blasted specimens were 83.22%, 93.51%, and 95.13%. Thus, sand-blasted specimens exhibited higher residual strength because of their higher interfacial bond strengths. Interfacial delamination was also suppressed despite the significant differences in the thermal expansion coefficient. 
Conclusions
This study evaluated the performance of corrosion-resistant hybrid panels, i.e., composite steel and GFRP panels, for use in improved moveable weirs as a function of accelerated environmental exposure. The results can be summarized as follows.
• Regarding the modification of the steel surface, the flexural strength of the specimens incorporating sand-blasted steel panels was higher than that of the specimens incorporating unmodified steel panels. The sand-blasted specimens exhibited greater bond strengths with the GFRP panel.
• Flexural strength increased with the thickness of the GFRP panel.
• Both flexural strength and residual strength increased as a function of panel thickness after exposure to accelerated environmental conditions. Higher residual strengths were obtained with sand-blasted specimens.
• The residual strength of all specimens was at least 78% following all environmental tests. This satisfied the study goal of ≥65%, indicating that the durability of these hybrid panels may not be a major problem. 
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